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RESEARCH MEMORANDUM

ATTTTUDE INVESTIGATION OF THREE FLAME-HOLDER AND FUEL~-
SYSTEMS CONFIGURATIONS IN A SHORT CONVERGING
APTERBURNER ON A TURBOJET ENGINE

By Willis M. Brailithwaite, Paul E. Renas, and Emmert T. Jansen

SUMMARY

An investigation was conducted in an altitude chamber at the NACA
Lewis leboratory to evaluste an internal afterburmner configuration for
a turbojet engine having a short converging conical afterburner shell
with a two-positlion exhaust nozzle. Three configurations, which were
designed on the basis of previous experiments with this burner, were
installed. Performsnce characteristics and operationsl limits of each
were obtained over a range of altitudes to determine whiech configura-
tion best satisfied the design requirement that the burner operate sat-
isfactorily up to an altitude of 50,000 feet.

An afterburner configurastlon was designed that had an altitude
operationsl limit of 51,000 feet with essentially no effect of altitude
on performence up to an eltitude of 45,000 feet. In arder to obtain
this performance, the afterburner intermael configuration which Included
a two-ring V-gutter flame holder, a streamlined diffuser Ilnmner body,
and 16 fuel bars had to be further modified to include 37 turbine-outlet
gas-flow straightening wvanes.

INTRODUCTIOR

Operationel requirements of recent interceptors or other high-
performance aircraft demand satisfactory turbojet-engine operation &t
increasingly higher flight speeds and altitudes. In accordance with
these requirements, the present investigation, which was conducted in
an altitude chamber at the NACA Lewls laboratory, was dlrected toward
obtaining satisfactory afterburner performance and operational charac-
terlstics for a particular engine-afterburner comblnation up to an
altitude of 50,000 feet. The engine-afterburner combination used for
this Investigetion consisted of & preproduction power section, a short
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afterburner, and a two-position clamshell nozzle as supplled by the
engine manufacturer. The outer shell of the afterburner remained unal-
tered throughout the investigation. '

Previous investigations of a namber of internsl configurations in
the same afterburner shell are reported in references 1 and 2. From

this information, a two-ring V-gutter flame holder had been lncorporsted

in the design of the afterburner used in this investigation. The dif-
fuser inner body had also been modified in order to provide an improved
velocity profile at the burner inlet. Imn the investigetion reported
herein, the performence and operationsl cheracteristics of three after-
burner internal conflgurations were evaluated. Turbine-outlet gulde
vanes were installed for one of the three configurations to reduce the
smount of swirl in the gas flow entering the.burner from the turbine.

Operational characteristlcs of the three afterburner configura-
tions and altitude performence of two of the three confligurations are
presented in both tebulsxr and graphicsl form. Performance date were
obtelined over a range of altitudes from 10,000 to 45,000 feet for the
initial and final configurstions, and performance dats were obtained
over a range of flight Mach numbers at en sltitude of 30,000 feet for
the finsl configurstion.

APPARATUS
Installation

The engine was installed in an altitude chamber which is 10 feet
in dismeter and 60 feet long (fig. 1). A honeycomb is installed in the
chamber upstream of the test section to straighten and to smooth the
flow of inlet air. The forward bulkhead, which incorporates a laby-
rinth seal around the forward end of the engline, was used to separate
the engine-inlet air from the exhaust and to provide a means of main-
talning a pressure difference across the engine. A l4-inch butterfly
valve was installed in the forward bulkhead to provide cooling air for
the engine compartment. The rear bulkhead was lunstalled to prevent
recirculation of exhaust gases gbout the engine. The exhaust gas from
the Jjet nozzle was discharged into an exhaust diffuser to recover some
of the kinetic energy of the Jjet. Combustion in the afterburner was
observed through a periscope locaeted directly behind the engine.

Engine

A J35-A-35 engine, which includes ‘the afterburner, was used in
this investigation. The engine has a static sea-level thrust rating
of 5400 pounds wlthout afterburning (5600 1b without compressor-inlet
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screens} at rated engine speed of 8000 rpm end a ‘turbine-outlet temper-
eture of 1300° F, for an inlet-alr temperature of 60° F (reference 3}.
At this operating condition, the air flow is S1 pounds per second and
the specific fuel consumption is 1.09 pounds per hour per pound of
thrust. The principsl components of the engine are an 11-stage axlal-
flow compressor, elght cylindricsl through-flow combustion chambers, a
single-stage turbine, and an afterburner. The over-all length of the
engine and afterburner is epproximately 196 inches and the maxdimm
diameter 1s 43 inches. Throughout the investigetion MIL-F-56244,
grade JP-3, fuel with a low heating value of 18,750 Btu per pound and
& hydrogen-carbon ratio of 0.171 wes used in both the engine and the
afterburner.

Afterburner Assembly

Cross sectlons of the afterburner assemblies used are shown in
figure 2. The afterburner shell, common to all configurations investl-

gated, was 761% inches long and was composed of three sections: (1) a

conlcal diffuser followed by & short cylindrical section, (2) a con-
verging conical burning section, end (3} a two-position clamshell-type
nozzle. The two-position nozzle was maintained in the open position
(area, 389 sq in.} throughout the investigation. Fuel was supplied %o
the afterburner by an air-turblne fuel pump which was driven by ailr
from an independent source.

The three confiigurations reported herein included the varlations
listed in the followlng table:

Config- Fuel System Flame holdexr
uration fxufer | Orifices| Mixing Type Distence from Blocked area
of |per spray|length nozzle outlet fnercent of| (percent of
fuel- bar (in.) (1n.) flow ares)| afterburner
spray eross-
bars i sectional area)
a 1 |2-V ring; pillot 9
A 16 9 5¢ | on inner body 4475 37.5 57.5
1 [2-V ring; dome 11
B 16 10 SZ on inmer body 49’1—6 42.2 35.9
1l |2-V ring; dome 11
¢ 18 10 % on inner body 4575 42.2 55.9

80ne orifice was drilled in the end of each fuel bar to supply fuel for the diffuser-
inner-body flsme sest (fig. 3).
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The diffuser inner body for configuration A was supported from the
outer wall by four rode which were covered by faired struts having a

chord length of 75 inches (fig. 2(a)). The downstream end of this dif-

fuser contalned a depressed flsme seat ll% inches 1in dismeter. The

flame holder wes mounted from the outer shell and located 3% inches
downstream of the imner body. From the inner ring of this flame holder,
six stubs l% inches long protruded inwerd (fig. 2(a)). The fuel sys-
tems for all conflgurations are shown in figure 3.

For configuration B, the faired struts were removed leaving the
bare support rods, end the flame seat was replaced by a dome (figs. 2(a)}
and 4). The flame holder was the same as for configuration A except
that the slx stubs were replaced by four supporting struts attached to
the dome of the diffuser inner body (fig. 4). The fleme holder was

also moved forward 5% inches (fig. 2(b}). The fuel system for this
configuration is shown in figure 3(b).

Configuration C had the same imner body with rod supports, flame-
holder mounting and locetion, and fuel system as configuration B. In
addition, 37 evenly spaced flow-stralghtening wvanes (fig. 5) were
installed at the turbine outlet on the diffuser body. These vanes were
designed to turn the flow leaving the turbine approximately 40° at the
turbine blade root to 0° at the blade tip (fig. 5(b)).

The afterburner hobt-streak ignition system consisted of two fuel
nozzles approximately 180° apart located jJust aft of the downstream
gide of the turbine. These nozzlea Injected'fuel Into the turbine-
outlet ges stream about two inches from the outer shell only during
the ignition cycle.

Instrumentation

Engine~inlet air flow was determined by temperature, total-pressure
survey rekes, and wall statlic-pressure orifices located at the compres-
sor inlet (station 1, fig. 6(&?). Instrumentation was installed for
measuring the engine midframe air bleed. This ailr flow was subtracted
from the engine-inlet elr flow in order to obtaln the afterburner air
flow. Afterburner-inlet total pressure and temperature were determined
from a survey at the turbine outlet (station 5, fig. 6(b}). Turbine-
outlet temperature was also measured by the engine menufscturer's
instrumentation, which consisted of & thermocouple harness comprised
of 10 thermocouples. Static pressures were measured at the diffuser
outlet by wall orifices. Total pressures were measured at the
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exhaust-nozzle inlet with a water~cooled survey rake (fig. 6(c)}). The
angle of swirl of the gas flow was measured at the exhaust-nozzle inlet
by means of a water-cooled rotateble reke (fig. 6(d)}). The rake was
equipped with an actuator that posltioned the probes at an angle to the
plane of the axis of the engine. Ambient pressure 1n the region of the
exhaust-nozzle outlet was determined by static probes in the plane of
the nozzle outlet. ZEngine and afterburner fuel flows were measured by
calibrated rotameters.

PROCEDURE r

Afterburner operational and performance data were obtalned over a
range of aeltitudes from 10,000 feet to the maximm opersble sltitude at
g flight Mach number of 0.6 and over a range of flight Mach numbers
from 0.4 to 0.8 at an altitude of 30,000 feet. For each flight condi-
tion, data were obtalned at geveral afterburner fuel flows between the
lean blow-out limit and the fuel flow required for limiting turbine-
outlet tempersture (1760° R). The lean operating limit was determined
by: (1) complete blow-out of the burner, (2} rough burning, or (3)
flame seating only in the pilot burner (configuratian.A). Limiting
turbine-cutlet temperature was defined as operation at 1300° F (3.760o R)
as indicated by the manufacturert!s instrumentation. A1l afterburning
data were obtained with the engine operating at rated speed (8000 rpm)
and with the two-posltion nozzle in the open position. Engine-inlet-
alr total temperature and total pressure were regulated to correspond
to NACA standerd eltitude conditions.

The procedure followed in the lgnition investlgetion was to close
the eyelids of the exhaust nozzle and to inject fuel into the after-
burner and through the hot-stresk fuel nozzle. As soon as the turblne-
outlet temperature started to increase, the eyellds of the nozzle were
opened and the hot-streak ignition fuel was shut off.

The methods and symbols used in the calculations are given in the
appendix.

RESULTS AND DISCUSSION
Operational Characteristlcs

The operationsl limits of the three configurations are presented
in figure 7 for varying altitude asnd flight Mach number. The two basic
operational limits which ere presented are: (l) afterburner lesn oper-
ating 1limit, and (2) limiting turbine-outlet temperature operation.

The meximum altitude 1imit, which is defined as lean combustion blow-
out at limiting turbine-outlet tempersture, is also presented.
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The first of the three configurations investigeted (configura-
tion A)'had an altitude limit of spproximately 47,000 feet at an after-
burner fuel-silr ratio of 0.049. Because the primary objective of this
investigation was the development of an afterburner that would operate
at an altitude of 50,000 feet, this configuration was consldered unsat-
isfectory. Along with failure to reach the desired altitude, another
disadvantage of this configuration wes burning in the wake of the dif-
fuser struts with a resultant short service life of the downstream end
of the inner body, which was caused by the high degree of swirl of the
gases lesving the turblne. Consequently, the falred struts were
removed and the flame holder moved to the end of the diffuser with a
dome replacing the flame seat (configuration B). The maximum sltitude
obtained with this configuration was spproximately 41,500 feet at a
fuel-alr ratio of 0.0315. At this condition, visual observation indi-
cated a very unstable and swirliing flame.

Measurements by the engine manufacturer at sea-level stetic condi-
tions (fig. 8(a)) and flame patterns on the inner body indicated that
the swlrl angle lesving the turbine wvaried linesrly from spproxi-
metely 40° at the blaede root to epproximstely 0° at the tip in a direc-
tion opposite to the rotation of the turbine rotor. Because the gases
are entering a diffusing sectlon, the angle of swirl of the gases down-
gtream from this statlon can be expected to be ag great 1f not greater
than those indicated previously.

In order to reduce the swirl angle of the gases leaving the tur-
bine, straightening vanes were installed at the turbine outlet (config—
uration C). With thls configuration chenge, the swirl apgle was reduced
to less than 10° at the center of the exhaust-nozzle inlet ss was indi-
cated by a survey at this station (fig. 8(a)}). These data were obtained
by rotating the rake in such a manner that the probes were at the vari-
ous angles to the plane of the engine axis and were evaluated as shown
in figures 8(a) and 8(b).

This configuration (configuration C) had an eltitude limit of
approximstely 51,000 feet (fig. 7}, improved afterburner performsnce,
increased service life, and improved stability of combustion (less
flickering of the visible flame). Ignition of the afterburner was pos-
sible wlth the torch igniter provided by the englne manufacturer for
the range of altitudes covered In this investigation.

Performance Characteristics
Altitude performence data are presented in tabular form in table I
and in graphlical form in figures 9 to 13. Figure 9 presents a compari-

son of the performance of configurations A and C at altitudes of
30,000 and 40,000 feet for a fllght Mach number of 0.6. Figures 10
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and 11 present data for configuration € for a range of altitudes at =a
flight Mach number of 0.6 and a range of flight Mach nunmbers at an
eltitude of 30,000 feet. Figures 12 and 13 present the over-all engine
performesnce for configurstion C.

Comperison of configurations. - The afterburner-inlet conditions
for configurations A and C are presented in figures 9(a) and 9(b) and
the afterburner performance 1s shown in figures 9(c) to 9(f). Perform-
ance data could not be obtained for conflguration B because of the high
degree of swirl which prevented an accurate measurement of pressures;
however, the performance of this configuratlion is not considered of
importance begause of the poor altitude operetionsl characterlstics.

For a glven afterburner fuel-air ratlio, configurstion A had =
lower turbine-outlet temperature but a higher total pressure than con-
figuration C. The turbine-outlet total pressure is lower for configu-
ration C because of the pressure drop across the straightening vanes.

A comperison of the performance for these two configuratlions shows that
for configuration C the afterburner combustion efficlency, exhsust-gas
total tempereture, and sugmented net thrust is higher and specific fuel
consumptlion is lower than the corresponding values for configuration A.
The magnitude of the difference is indicated by the combustion effi-
ciency which increased from 0.86 for configuration A to 0.91 for
configuration C.

Altitude and flight Mach number effectse. - The performence obtained
for configuration C over a range of altitudes from 10,000 to 45,000 feet
at a flight Mach number of 0.6 is shown in figure 10 and the effect of
varying flight Mach number from 0.4 to 0.8 at an altitude of 30,000 feet
is shown in figure 11. For a glven afterburner fuel-alr ratio, increas-
ing the altitude at a constant flight, or decreasing the flight Mach
nurber at a constant altitude, tended to lower the turbine-outlet btotal
temperature and to reduce the turblne-outlet total pressure in propor-
tion to the compressor~inlet total pressure. In addition, increasing
altitude had no spprecigble effect on afterburmer combustion efficiency,
exhsust-gas total temperature, or specific fuel consumption, but reduced
the sugmented net thrust. A pesk afterburner combustlion efficiency of
gpproximately 91 percent was obtained with this burner up to an alti-
tude of 45,000 feet.

Because the turbine-outlet total temperature decreased as the
altitude increased, or flight Mach number incressed, it would be
expected that the exhaust~-gas total temperature would decrease if the
efterburner combustion efficiency were constent. However, the after-
burner fuel-ailr ratic is defined (see appendix) as the ratio of the
afterburner fuel to the total alr less the air used for complete com-
bustion of the primery engine fuel. Because the engine combustlon is
not 100 percent efficient, some unburned fuel from the engine enters
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the afterburner along with the unburned alr and products of combustion.
This quantity of unburned fuel 1s not accounted for in the afterburner
fuel-air ratio. Therefore, for the same dfterburner combustion effi-
clency, the temperature rise between the turbine outlet snd the nozzle
inlet 18 greater than it would be for the afterburmer fuel flow alone.
Thet part of the temperature rise attributed to the unburned engine Fuel
must be of the saeme magnitude as the decrease In temperature at the
turblne outlet to yield the nozzle~inlet total temperature observed.
Examinetion of the data shows that the temperature rise in the after-
burner due to unburned engine fuel for varylng flight conditions is of
the proper magnitude to gilve an approximstely constant exhaust-ges tem-~
perature for any given afterburner fuel-alr ratio. The spread in the
curves of exhaust-gas temperature and afterburner combustion efficlency
18 within the normsl accuracy of this type of data.

2607

For the range of conditions investigated, the afterburner-
combustion-chamber inlet (diffuser outlet) velocity varied from 507 to
483 feet per second as the altitude was increased from 10,000 to
45,000 feet at a flight Mach mumber of 0.6 and from 485 to 485 feet per
gsecond as the flight Mach number was increased from 0.4 to 0.8 at an
altitude of 30,000 feet.

Qver-All Performance

The over-all performesnce obtained with configurstion C 1s presented
in figures 12 amd 13 for a.turbine-outlet gas temperature of 1710° R,
based on NACA thermocouple instrumentation, which is the highest tem- .
perature at which data were gvallable et all conditions for cross plot-
ting. It must be emphasized that the performance data presented are
significant only for an exhaust-nozzle area of 389 square lnches as used
in this investigation. The relstion of the manufacturer!s indicated
turbine-outlet temperature to a NACA turbine-outlet total temperature
of 1710° R 1is presented in figures lz(d) and 13(d) for varying altitude
and flight Mach number, respectively. Exhaust-gas totel temperature,
sugmented thrust ratio, and specific fuel consumption are shown in fig~
ure 12 for a range of altitudes at a flight Mach number of 0.6. The
augmented thrust ratio 1s defined as the net thrust obtained wlth
afterburning to the net thrust obtained with the engine and standard
tell pipe at a turblne-outlet gas temperature of 1710° R. For & chenge
in eltitude from 10,000 to 45,000 feet at a flight Mach number of 0.6,
constant exhsust-nozzle-area afterburner operation at a turblne-outlet
totel temperature of 1710° R resulted in an incresse in exhaust-gas
tempersture from 2810° to 3300° R, an lncrease in sugmented thrust ratioc
from 1.42 to 1.56, and essentlally no change in specific fuel consump-
tion. If the afterburner were operated at constant fuel-glr ratioc as
the altitude was increased, the turbine-outlet gas tempersture would
decrease. Therefore, in order to maintain constent turbine-outlet

P .
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temperasture, additional fuel must be burned in the afterburner which
Increased the exhsust-gas temperature. For the range of altlitude oper-
ation from 10,000 to 45,000 feet, the afterburner inoperative thrust

loss varles from 1 to l% percent of the normal standard engine thrust.

Afterburner performance is shown in figure 13 for a range of
flight Mach numbers at an altitude of 30,000 feet with the engine
afterburner operating et =z fixed exheust-nozzle area and = turbine-
outlet totel tempersture of 1710° R. An increase in flight Mach number
from 0.4 to 0.8 ceused a decrease in the exhaust-gas temperature from
3050° to 2970° R and =mn increase in the augmented thrust ratioc from -
1.42 to 1l.51 while the specific fuel consumption remesined approximstely
constant. The thrust loss with the afterburnmer inoperative was 1 per-
cent of the standard engine thrust.

CONCLUDING REMARKS

An investigation of a J35-A-35 turbojet engine with a short con-
verging conical afterburner having a two-position exhasust nozzle showed
that a severe swirl in the fturbine-~outlet gsses of approximately 40°. at
the turbine blade root to O° at the tip can have a detrimental effect
upon afterburner performance and operating limits. Modification of the
afterburner by the addition of simple straightening vanes immedlstely
downetream of the turbine outlet reduced the swirl angle of the gases
entering the burner to less than 10°. This reduction in swirl resulted
in improved afterburner performasnce, altitude limits, flame stability,
and service life.

An afterburner combustion efficlency of approximately 90 percent
wa.s obtained with the best configuration while no significant altitude
effects were observed on afterburner combustion efficiency, exhaust-gas
temperature, and net-thrust specific fuel consumption for a change in
altitude up to 45,000 feet nor for a change in flight Mach number
from 0.4 to 0.8 at 30,000 feet. An altitude 1imit of 51,000 feet at a
flight Mach number of 0.6 was obtained for the final afterburner config-
uration and combustion was stgble up to the point of blow-out.:

The rich limit for afterburner operation was limited by maximum
allowable turbine-outlet tempersture for all the conditions investigated
and no rich blow-out was encountered. A larger exhaust nozzle could
therefore be used with resulting wider operating renge, higher asugmented
thrust, and possible higher altitude limit.

Lewls Fiight Propulslion Laboratory

Nationsl Advisory Committee for Aeronasutics
Cleveland, Chilo
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APPENDIX - CAICUIATIONS

Symbols

The followlng symbols are used in the calculations and on the
figures.

A cross-gectional ares, sq Tt

Cq flow coefficient at vena contracta

Cy veloelty coefficlent, ratio of actual Jet veloclty to effective
Jet velocity

Cp thermoexpansion retio, retioc of hot exhaust-nozzle area to
cold exhsust~-nozzle area : '

FJ Jet tbrust, 1b

Fn net thrust, 1b

f/a fuel-air ratio

g acceleration due to gravity, 32.2 ft/secz

H total enthalpy, Btu/1b

he lower heating value of fuel, Btu/ib

M Mach number

N engine speed, rpm’

P total pressure, lb/sq 't sbsolute

Pg' total pressure at exhaust-nozzle survey station in standard
engine tail pipe, 1b/sq ft absolute

D static pressure, 1b/sq ft absolute

R gas constant, 53.4 (£t){1b)/(1b}(°R)

T total temperature, °r

T indicated temperature, °R

t static temperature, °R

2607
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v velocity, ft/sec
Wy air flow, 1b/sec
We compressor leakage air flow, 1b/sec
Wp  fuel flow, 1b/hr

We/F, specific fuel consumption based on totel fuel flow and net
thrust, 1b/(hr}(1lb thrust)

W gas flow, 1b/sec

T ratlo of specifiﬁ heats for gases

My afterburner combustion efficlency

Ne engine combustor efficlency

Subscripts:

a alr

e engine

hid fuel .

g gas

1 indicated by instrumentation _

J station at which static pressure of jet equals free-stream
static pressure '

m fuel menifold

n exhaust-nozzle outlet, vena contracta

t tall-pipe afterburner

0 free-stream conditions

1 engine inlet

3 compressor outlet at englne-combustor inlet

5 turbine outlet or tail-pipe diffuser inlet
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6 diffuser outlet at tall-pipe combustion~chember inlet, leading
edge of flame holder

9 exhsust-nozzle inlet, 3% inches upstream of nozzle ocutlet

10 exhaust-nozzle outlet

Methods of Calculsation

Temperatures. - Static temperatures were determined from indicated
temperstures using the relation

T, -
x-1
1 + 0.95 (E)Y -1
D

where 0.95 is the lmpact recovery factor for the type of thermocouple
used. ’

t =

Flight Mech number and alrspeed. - Flight Mach number and equiva-
lent airspeed were celculated from engine-inlet total pressure and
total temperature and free-stream static pressure assuming complete
total-pressure ram recovery: '

Tl"l

and

Yl'l

1
Po
Vo = MgA /718 BTy (P_l)

Alr flow. - Alr flow was determined from pressure and teﬁperature
measurements obtained in the engine-inlet annulus. These measurements
were ueged in the following equation

it

T1

- Zrig | (B
8,1 = M1k (ry-10R1 |\ Py "1

2607
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Air flow at the compressor outlet (station 3} was obtalned by subtract-
ing the compressor leskage eir flow:

WA,S = wﬁ,l - Ve
Ges flow. - Engine gas flow at the turbine outlet is

Weoo=W + Vz,e
€95 - 8,3 7 3500

and afterburner gas flow 1s

W + W

£,e £,
=W

Ws,g a,3 36800

Fuel-alr ratio. - The engine fuel-air ratio is given by the
equation

f,e
= ——d
(£/2)e = 3500 o5

The tall-pipe afterburner fuel-alr ratic used herein is defined as the
weight flow of fuel injected into the afterburner divided by the weight
flow of unburned alr entering the tail-pipe afterburner. Weight flow
of unburned sir was determined with the use of the assumption that the
fuel injected in the engine ¢ombustor was completely burned. When sir
flow, engine fuel flow, and afterburner fuel flow are combined, the
following equation for tall-pipe fuel-alr ratio is obtained:

W

f£,t
(£/e)y = * Wr e
3600 Wa,3 - G.068

where 0.068 is the stoichlometric fuel-air ratio for the engine fuel.
The totel fuel-air ratlo for the engine and afterburner lis

We o + W 4
— — 2
(£/2) = Ziow
a,3

Combustion-chamber inlet veloclty. - Velocity at the combustion-
chamber inlet was calculated from the continuity equation with the use
of the static pressure measured at station 6 and with the essumption
of isentropic expansion between stations 5 and 6.
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Ts"l
. Ts
Vg = Wg,5 RT5 (Pe
Ps Ag \ s

Engline combustor efficiency. - Engine combustor efficiency 1s the
retioc of enthalpy rise through the engine divided by the product of
engine fuel flow and the lower heating value of the fuel:

T T
3600 Wy, 3Ha:l + [Wf, eﬁf,e]
i 1T

T} =
© wf,ehc,e

Afterburner combustion efficiency. - Afterburner combustion effi-
clency wae obtained by dividing the enthalpy rise through the after-
burner by the product of sfterburner fuel flow and lower heating value
of the fuel:

l}eoo Wa SH£| [f,eﬂf J [f tEf 1_:_‘ - NeVg,ebe,e

Wfthct+(l'ﬂe)wfec,

The enthalpy of the combustion producte was determined from the
hydrogen-carbon ratio of the fuels by the method explained in refer-
ence 4, in which dissociation 1s disregarded.

Exhgust-gas total temperature. - The total temperature of the
exhaust gas was calculated from conditions existing at the exhaust-
nozzle vens contracte by the air-flow equation:

Tp~1

Tn
TAlO n‘g 1 - EE)

g,9 Ty -1 B_ Pg

The thermal-expansion ratio Cp was based on exhaust-nozzle skin tem-

perature and properties of the metal. The flow coefficient Cy was

determined from nonafterburning engine data obtained with the englne- .
afterburner configurstion and is presented 1n the following figure.

Ty = W

L0992
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Flow coefficient, Cq

1.00
/
.96 L
//
"
.92 ]
.88 =
1.0 l.4 1.8 2.2 2.6 3.0 3.4

Exhaust-nozzle pressure ratilo, Pg/po

Augmented thrust. - The jet thrust of the combined engine-
afterburner configuration wes calculated from exhsust-nozzle pressure
ratlo, exhaust-nozzle gas temperature, and afterburner gas flow.

W
Fj=cv[—5gL9-Vn+An(pn-po)

where

YD.
n
Yn SAJ7L & 1o (‘fg)

The velocity coefficient Cy as determined from previous engine opera~

tion was 0.97. The charts in reference 5 were used in the solution of
the preceding equation.

The augmented net thrust was obtained by subtracting the free-
stresm momentum of the inlet air from the Jet thrust of the
installaetion.

W
= - —&a,l
F_. = FJ 2 Vo
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Standerd engine thrust. - The Jet thrust obtalnable wilth the stand-
ard engine at rated engine speed was caelculated from measurements of
turbine-outlet total pressure and total temperature and engine gas flow
obtained during the afterburning program:

Fise [—EJ— Vo + Ay (pg - Poi‘

where

Ts'I_

Y
ZTG 1 Py 5
K R

Experimental date from previous operation of the engine (reference 5)
indicated that the tobtal-pressure loss across the standesrd-englne tail
pipe between stations 5 and 9 was epproximately 0.025 Py at rated

engine speed; therefore, Pg' = 0.0975 Pg. The nozzle veloclity coeffi-
clent was assumed to be 0.97, the same as for the sugmented Jet thrust.
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TABLE T - AFTERHURSER PERFORMANCE DATA S NAGA
Run |Altituds| Flight | Frea-streem| Englne-inlet |Englne-inlat |Englne-inlet|Engine fusl|Afterburner [Total fuel- Afterburver|Augsembed] Xot
(ft) | Mach atatio total total alr flow Tlow fuel flow | air ratio | fuel-air Jot thrust
mmber| pressure reamms tamperaturs Ha,l W;i: Hf,t f/a (:71'.;.0 th;nut ¥,
o Po By T - {1b/meo b 1o I/a)y 1 1b
(1b/ea 5 abe)} (1b/mg It abe) (‘%) {1/eso) ( ) (i) (1p) (1)
Confignmmtion A
1 30,000 | 0.608 g2z 799 448 37.28 o217 4470 0.0581, 0.0518 5880 2988
2 602 624 797 426 38.22 2429 3810 0487 L0588 3527 2828
3 595 [}4] 788 437 37.68 2415 3820 L0467 0591 3505 2815
[ 1602 | B23 786 A%7 57,61 2983 3590 0422 ] 3318 i 2877 ]
6 | 40,000 | 0,595 589 494 A21 25.68 1708 2905 0. 0550 0,0486 2544 1918
-] 597 391 488 413 23.95 1662 RE60 .0609 0441 2542 1915
7 .613 388 500 417 24,15 1817 2625 L0484 0410 2288 1844
a .608 588 488 418 25,98 1588 2405 .0470 .0591 2253 1815
9 518 585 ?00 418 85,80 1568 2220 0447 0582 2187 1748
Oonf'lguration ©
10 | 10,000 | 0.6818 14354 1858 B5A 76.19 4355 5810 0.0380 0,0268 6063 4465
n 834 1419 1a59 556 77.08 440 5488 ,0338 .0260 5961 4306
12 611 1450 1866 541 76.88 3755 4785 0313 .0220 5088 5482
15 L15( 1438 1855 538 77.09 3444 ASB0 0187 LY\ 3107
14 | 30,000 | 0.418 628 705 428 35.25 2268 3450 0.0488 0.0410 3025 2585
15 01 633 707 425 53.45 2155 2975 +OASS 0544 Baba 244)
18 407 827 705 4725 8583 2076 2710 0405 L0310 2713 2528
ki AL 627 T08 426 55,36 1974 2480 0377 0278 2597 2171
18 | 50,000 [ 0.811 628 610 437 57,04 2614 | 3060 0.0477 06,0401 3817
18 610 827 . 806 450 51.18 £368 3360 0438 0548 3359 2853
20 818 a87 811 446 57.48 2268 5010 .0598 L0504 3822 2804,
2l 2615 | . 626 809 450 B7.8% 1974 2570 L0544 | 0850 2750 2006
22 | 20,000 | 0.8Ca 624 B89 487 43,40 2839 4540 0.0488 0.0390 4366 3280
4] " .808 625 :[5:] 485 45,58 2748 4010 L0458 0363 4251 3186
24 .808 623 868 465 43.568 26838 3650 0408 .0517 4114 3028
25 808 628 861 465 45.68 2475 3280 0571 L0277 5845 2757
28 008 685 959 484 43.87 2277 5045 20544 L0252 | angs 2458 |
27 |35,000 | 0.825 05 840 427 50.31 2045 5116 0.0480 0.0404 2918 2547
28 819 495 840 422 50,64 1688 2840 JOA57 0575 a2 2312
29 813 496 639 419 50,583 1935 2625 0422 0531 2748 2188
N ' 497 838 421 50,50 1856 2440 .0398 0303 2 2067
51 | 40,000 | 0.81% 348 501 422 £3.88 1819 450 0.0487 0.,0412 2505 1885
32 208 363 504 425 £5.45 1580 2310 10488 0387 2250 1817
33 803 390 489 423 25.70 1519 2120 L0455 + 0544 2180 1727
34 .618 388 503 423 25,80 1420 1848 .0381 10285 2009
35 | 46,000 | 0.61% 305 304 425 . 1260 2017 0.0515 L0445 1785 1444
38 811 307 385 426 18,17 1238 1902 »0403% 0418 1754 1417
37 .800 308 504 424 18,52 1220 1748 ~OR80 .0578 1708 1373
38 616 307 597 423 18,33 1200 1693 D450 .D36% 1678 1355
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BABLE T -~ Comolnded, AFTERBURNER PERFORMANCE DATA

MAGRT

Ban Bpeclfioc fusl Turblns-outlet |Parbine-ootlet (Hennfactorer's| Combustiom- |Cowbustlion- |[Exhanst-nozele- Exhaugt-gas| Afterburner| Engine
ounau.ztiun total premmure total turbine-outlet | chamber-inlet | obamber- inlet total total gombnation| combusticn
LETE 5 tamperature | indicated statio inlst PreBaure | tempersturs| pfficlency|efficiency
(1b/{t) (1b thrust))| (1b/sq £t abs) Is ‘temperature presqure velocity Py T, Ny 1
' P ./ b o
{°R) Ts,i [ & (1b/sq It abs) (°R) :
{°r) (1n/ey £t abe)| (£t/pec)
' Sonfigmratlan A
1 2.477 1810 1780 1763 1685 ABY 1646 3547 0.789 0.878
g 2.24) 1757. 1730 1668 1608  4B8g 1601 3054 .B28 685
3 2.214 1758 1720 1680 1601 42 1598 3103 -.888 .985
4 B.I45 1894 1868 1654 1538 461 1540 2897 '8R5 . B85
5 z.A05 T * D] Y777 1054 68 104G 3309 0.800 0.920
5 2.257 1146 1723 1720 1054 453 1042 3270 .870 -.937
7 2.246 1129 1710 .11 1033 465 1085 3108 , - B36 ,958
a 2.198 1114 1699 1578 1020 463 1005 5089 .868 958
g £.188 1093 1666 1646 goe 456 992 3003 .076 .962
Configrmtion C
10 2,298 5533 1700 1702 =015 458 3086 2761 - 0,855 0.965
n 2.254 5263 1673 1668 2935 507 3028 2647 855 . 685
12 2.447 3027 1544 1555 2891 507 2789 2238 &0 985
13 2.515 2883 1475 1496 2540 513 2664 2032 2593 995
14 2.208 1565 1765 1787 1438 485 1454 5238 0.902 0.976
15 2.102 1517 1706 1728 1591, 485 1410 5020 JB18- . .984
16 2,058 1476 1672 1688 1350 486 1372 2864 .518 " .985
17 2.055 1427 1810 1529 1300 485 1528 8887 .870 982
18 2,206 1758 1780 1178 1613 491 1654 198 0.808 0.885
19 2,158 1878 1723 1755 1558 482 1857 3027 806 ..985
20 2.108 1636 1657 1676 1483 492 1517 2826 ,888 .988
2l 2.250 1487 1530 16557 1340 487 1577 2338 - LT00 988
22 2.189 2007 e 1789 - Tase 438 321z b.9ls 0,985
25 2.155 1973 1735 1750 1800 495 1818 3083 928 985
24 2.079 1930 1696 1700 1760 494 1777 2951 957 885
25 2.079 1848 1625 1835 16573 497 1704 2685 .871 .886
26 2.167 1750 1542 1547 1573 524 1616 ° 2385 .74l .85
27 2.199 1407 1745 1790 1296 488 1308 3208 0.899 0.974
28 2,13 1397 1712 1751 1285 480 1297 317 .91 .875
29 2,100 1358 1870 1859 1244 487 lesg 2540 .904 974
50 2,078 1518 1640 1853 1207 491 1284 278z .869 .90
51 2,187 1108 1720 1714 1% 5 1056 3271 0.823 0.3
52 2.14) 1088 1702 1748 1004 472 1018 . 3252 964 541
53 2,113 1066 1873 1717 887 480 890 3015 .018 .5a3
54 2.083% 1018 1587 1847 - 838 478 45 2759 L8178 541
35 2.289 867 1715 T8l 811 485 802 351 0.8080 0.908
h.7] 2.216 as7? 1700 1760 Bl4 459 795 3276 .908 .907
37 2.180 ada 1668 1723 800 ——— 784 5127 ,510 .908
58 2.187 833 1880 1711 788 463 T4 B048 .868 913
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Jl4-1noch dbutter-

lgure 1, -~ Altitude chamber

Bxhaust valves
Exhaust-gas cooler

Wwlth engine installed in test section.
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Four falred inner-body supports
Stations ) 3]

- ot { 4 ,

L092

Ak m
Two-ring V-gutter flame holder
81x radial stub V-gutters
270 welded to flame holder
3 " Diffuser inner u 1 px"
" body 17 221_
26} h_l
* JEL .
| ot 9"
‘% fo— G 1 107p
30"
(a) COnriguration A.
Statlions 5 ] - ’ 8
Four tubular inner
o5 1. K\ body supports Sé“
—— -
e
G\ i
Diffuser inner body Pl

1, 1 25 "
261 - - -

37 Stralghtening vanes
(configuration C)

1 6 fuel-
spray —
bars

L—l "i&Jl:s" 1
W — -

{p) Configurations B end C.

Figure 2. -~ Cross section of afterburner installation.
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]

All holes
8 Indlcates one 0.025" diam. 0.030" diam.

hole in end of bar

(2) Fuel system used in configuration A, located 6} inches
upstream of flame holder.

One 0.025" diam. hole
drilled in end of bhar

i i
‘-—-2.0"—-'-—.75'*!-—!1' 754

1
q ol

|

, l
2.75“—J e—. 28" J'
»

(b} Puel-spray bar used in configuration A.

(¢c) Fuel system used in configurations B and C, located 5&- inches
upstream of flame holder.

i ; : |
e 1.8758 shk-a75% 5751;-1-5-;09'754‘—1 75—

{d) Fuel-spray bar used in configurations B and C.

R

Figure 3. - Schematlc dlagrams of fuel systems.
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Figure 4, - Flame holder used for configurations B and C.’
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(a) Tnetalled straightening vanes.

Figure 5. - Turblne-outlet stralghtening vames used in configuration C.

23
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Y43° arc (reference)

1.55"

4.30" developed length

Quter cone

Alr flow >

3.92" (reference) ————’1

Developed length
e———1.62"

0.06" Inconel shoet

Approximstely
3.75"

r-.so’-'d

Inner cone .
'ﬁ‘nau"v

14°33!
4

(b) Dlagrammatic siatoh of atraightening vane.

Figore 5. - Conoluded. Turbine-outlet straightening vanes ueed in gonfiguration C.
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(n) Compessncr inlat, station 1. (b) Turbins octlet, station s, §.Q inohes downstresm of
tall~gons inlat flange.

& Wall static-preasurs tube
0 Yotal-prassurs tuke
pouple

m [
(o] Pized rake at noscla inlet, statiom ¥,
ine 11

B2 inehen emm of ta (dz'lnuuhlo raks at nossle Inlet, station B,
outlet [langs th'u inohes dosmatream of tall-scns-outlet
nge .

Pigure 8, - Orops seotion of instroesntation as inatallsd in engine and aftarburner.
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60,000
50,000 / T ,l
4
e
<1 Z -
77
/
40,000 o
& /
- : /
g ye
2 //77 Configuration
pE)
ud AL O A (struts)
< 30,000 oo O 3B (tube supports)
/ ¢ ¢ (tube supports end
/ stralghtening vanea)
/ X Altitude limit
/ m—— Afterburner lean operating
20,000 limit
/ = = — Limiting turbine temperaturei
!
/ /
10,000 4
(a) Variation of operatiomal limits with altitude;
flight Mach number, O.6.
.8 <>|
= [
& 1
2 |
. ble
G ' |
2 :
1
g i WACGA
o
‘;‘ 4 J l& )
01 .02 .03 .05

Afterburner fuel

.04
-air ratio, (f/a)y

(b) Variation of operational limits with f£light Mach
number; altitude, 30,000 feet.

I?jj.gure 7. - Operating limits of afterburner configurations. Engine speed, 8000 rpm.
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Gag-awlrl angle, deg

27

Turbine-ontlet ZErngine

temperature speed
(rpm}
1760 8000
1720 8000
1587 8000
—— 8000
——— 7000

\ NACA exhaust-nozzle-
inlet survey station

vanes

Manufacturer's
\ turbine-outlet —
4 survey statlion
wlthout stralight-
ﬁ\q ening vanes

'Altitude Flight
(£t) Mach
numbex
© 30,000 0.6
D 40,000 .6
O 40,000 .6
A 0 0
v 0 o
10
0 F
\ ﬂ
N O
N | T
-10 \ -
\k \0 wilth straightening
N \
-20 \\\
-30 \
—400 20 40 60

80

100

Pagaage depth (fram outer skin to center line or inner surface), percent

(a) Veriation of swlrl angle of tail-pipe gas flow with passage depth for

various fllght conditlons.
tion is in same direction as engine rotation.)

(Gas-swirl angle is positive when gas rota-

Figure 8, -~ Gas-flow-swirl condltioms in afterburmer for configuration C.
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K ODDBPOOO

Probe depth (percent radius)
from ocutslde wall

4.15
13.20
23.39
35.30
50,00
71.00

Meximum pressure or angle of

swirl

: 2 ;;E\“\

E 1000 \o\

a S N RRN,
é; 900 ’/y/)’ﬁﬁ ‘\\\\QR\\\“<\\
T A\
g‘ 800 /f

£ yr

B

/

7

700 d/

600

“:EE;;;F’

[

=60 -40

(b) Typical rotating rake data.

-20

Angle of rake from axis of engine

ber, 0.6; turbine-outlet temperature, 1720° R.
positive when gas rotaticn is in same direction ag engine rotation.)

Flgure 8. - Concluded.

Gas-flow swirl condltions in afterburner for configuration

4

6

Altitude, 40,000 feet; flight Mach num-
(Gas-swirl angle is
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(e) Augmented net thruat.

Figure 9. - Effect of internal afterburner conr:.lguratim ghangeﬂ on variation of performance with afterburner fuel-air ratio for flight
Mach number of 0.6.

18 ° 2000
o L
i o M
; At | | -
Eg: 17 ’:( Ea 1600 5
Q « { 5o d Altitude Configuration
# g0 b b PE (rs)
° - 1 .o 30,000 - A
.:15 g 3 - 4g,000 A
18 0 1200 30,000 ¢
i® / S E“’ —0 [ 40,000 ¢
[]
g § i
18 800
: {2) Turbine-outlet total temperature. a0 (b) Turbine-outlet total preasure.
‘ )
E , gg/t
.0 = 3000
g 1 qg:
5 5 .
50 L—p 3¢
g /3 ollg >
g g o £ B3 2600
s I
E‘J 8
3 X 5 *
& i
g -6 2200
(¢) Afterburner combustion efficiency. (d4) Bxhaust-gas total temperaturs,
» 300
[} — é ::
E \/d L) hﬂ g
: X Yy . -
¥a '33 »
© - @ .n '
S 200 ] oG 25 . [0
Lo - ~
3.1 eyl
: TRE 4 1
B B2 W
0 o
< { N ol
10005 .02 208 204 : o8 O X 703 T0% .05 06
Afterburner fuel-air ratio, (r/n)t

(£) 8peocific fusl consumption,

Engine speed, 8000 rpm.
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£ 1800 4000 = E:*‘ S =
& e & of
¢ 5 /F ‘%:‘d’ g P
E 1800 /— ¥ = a 300 }(v
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g r B
& o4
£ / 7 o
° 1600 3 2001
- A e L
2 - P h—r_
3 5" g
» 1) 2 4}40“"0'4
et 8 HO—
P ;N 1000
g 1500 J . -t
: f g i
: : L
1400
(a} Turbine-outlet total temperature. . .. (b) Turbine-outlet total pressure.
&6
&
& e
s 1.0 s 3
led )
] A 8 .
@ ©
o I
Q =
Z £
s
o .8 ] 280
g —
z /1 g
2 . T s /77
2 ]
8 .6 & 240
° 1 2 p
2 B / .
s % 200
= (c} Afterburner combustion efficiency. (d) Exhaust-gas total temperaturs.
5000 - ) e )
£ a
o g Altitude Burner-inlet
~ - {rt) velooity
& 4000 = Vg
= ety - (ft/sec)
g 3 8 Q 10,000 507
E] 2 é O 30,000 492
2 . g 2 Mee i
= 3.0 A
L 00 7 . ‘/(3’ g4 4 45,000 483
b = U
§ / Wt vy s
g 2000 H g™ 25 -
& | Al g N
< o Q pid
— 1 S
A &
1000 67 -0z .03 .0t .05 2.061 .02 o3 0¢ 05
Afterburner fuel-air ratioc, (f/a)
(e} Augmented net thrust. (£) Specific fuel oconsumptlon.

Figure 10. - Effect of altitude on variation of performance of configuretion ¢ with afterburner fuel-
alr ratlo. Plight Mach number, 0.83; engine speed, 8000 rpm.
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Mach mumber Afterburner
Mg inlet velocity
VG 9
(rt/Bec)
o] 0.4 485 k
180 4 ju} .5 492
. S .8 485
% Z
o
o& 17 o 3000
% - s
HB'-D ppl.'ﬂ
° - -
P Bfg
34 e ggfeoe P
£k 254 :
E gil AL _ T
1 1000
(2) Turbine-cutlet total temperature. (b) Turbine-outlet total pressure.
5 1. T - o 3400
i
5 g
3£ w
a" B
8n >
° o B -
<] - 0 3000
n 6 S
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2% s S :
g o
g . § 2500
(c) Afterburner combustion efficiency. é
5 a
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Ll 2200
(d) Exhaust-gas total temperature.
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& 8y
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) -
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=.ﬂ b1 /{‘ a ~ 0 2.5
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a6
Q
3. ‘/<>/ S
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g 2 S ¥
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= g 2.0

.01 .02 .03 <04 .05 .01 .02 .03 T W04 .05
Afterburner fuel-air ratic, (f/a)y

(e) Augmented net thrust. (f) Specific fuel consumption.

Figure 1l. - Effect of Mech number on variation of performance of configuration C with afterburner
fuel-alr ratio. Altltude, 30,000 feet; engine speed, 8000 rpm.
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(a) Bxhaust-gas total temperature.
1.6 T 1
| ——1Af terburner .
" operating
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5 1.
[
o
-
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=~
» 1.2

"
E
&
£
L
o
©
s L0E——= Af terburner
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(b) Augmented thrust ratio.
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oo P — | operating
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3] .
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- 1
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Sgs o
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E:Eé Standard
--134:\ enTine
gi 4,
o« (c) Specific fuel consumption based

1 on net thrust.
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(d) Variation of manufacturer's Andicated turbine-
outlet temperature with altitude, NACA turbine-
outlet ges temperature of 1710° R.

Figure 12, -'Varlation of af'terburmer performance characteristics of configu-

ration C wilth altitude. Turbine-outlet total temperature, 1710°¢ R; Mach
numwber, 0.6; englne speed, 8000 rpm.
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(a) Bxhaust-gas total temperature.
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(b) Augmented thrust ratio.
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outlet temperature with Mach number for NACA
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Pigure 13. - Variation of afterburnep,perfortififite. characteristlics of configura-

tion C with Mach number. Turbine-outlet total temperature, 1710° R; altitude
30,000 feet; engine speed, 8000 rpm. .
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